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N E U R O R A D I O LO G Y
O R I G I N A L  A R T I C L E 
PURPOSE 
Congenital mirror movement disorder (CMMD) is characterized by unintended, nonsuppressible, 
homologous mirroring activity contralateral to the movement on the intended side of the body. 
In healthy controls, unilateral movements are accompanied with predominantly contralateral 
cortical activity, whereas in CMMD, in line with the abnormal behavior, bilateral cortical activity 
is observed for unilateral motor tasks. However, task-related activities in subcortical structures, 
which are known to play critical roles in motor actions, have not been investigated in CMMD 
previously. 
METHODS
We investigated the functional activation patterns of the motor components in CMMD patients. 
By using linkage analysis and exome sequencing, common mutations were revealed in seven 
affected individuals from the same family. Next, using functional magnetic resonance imaging 
(fMRI) we investigated cortical and subcortical activity during manual motor actions in two 
right-handed affected brothers and sex, age, education, and socioeconomically matched healthy 
individuals. 
RESULTS
Genetic analyses revealed heterozygous RAD51 c.401C>T mutation which cosegregated with 
the phenotype in two affected members of the family. Consistent with previous literature, our 
fMRI results on these two affected individuals showed that mirror movements were closely relat-
ed to abnormal cortical activity in M1 and SMA during unimanual movements. Furthermore, we 
have found previously unknown abnormal task-related activity in subcortical structures. Specif-
ically, we have found increased and bilateral activity during unimanual movements in thalamus, 
striatum, and globus pallidus in CMMD patients. 
CONCLUSION
These findings reveal further neural correlates of CMMD, and may guide our understanding of 
the critical roles of subcortical structures for unimanual movements in healthy individuals.
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Imagine yourself at a dining table. You are holding a glass of drink with one hand while with the other one you are reaching and grasping a salt shaker, then pouring salt on your dish, and finally you are putting the shaker on the table, releasing your grasp. While per-
forming all the actions with the salt shaker, you easily hold your other hand steady, no water 
spills over (usually!) or you do not drop the glass. We routinely perform tasks that require uni-
manual movements such as this one effortlessly, without thinking, without even being aware 
of performing them. Yet, such unimanual movements actually require complex and intricate 
interactions between the components of the motor system: the system must suppress any 
movement on the unintended side, while performing the action on the intended side. Indeed 
bimanual symmetric hand movements are easier to perform, and “mirror movements”, invol-
untary, nonsuppressible, mirroring movements of extremities on one side of the body along 
with the homologous movements on the intended side, are common during development 
at early ages of life (1). With the completion of myelination of the corpus callosum and neu-
rologic development in motor pathways mirror movements disappear (2, 3, 4). If the mirror 
movements do not disappear and persist in adulthood, they are considered abnormal (5). 
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The etiology of abnormal mirror move-
ments is diverse, including central nervous 
system disorders such as Klippel-Feil syn-
drome (6, 7), X-linked Kallman syndrome 
(8), ischemic stroke (9), and hemiplegic ce-
rebral palsy (10). Unlike the aforementioned 
central nervous system disorders, congen-
ital mirror movement disorder (CMMD) is 
characterized by persistent mirror move-
ments with no other neurologic abnormal-
ities (11). Genetic origin of CMMD may be 
familial or sporadic. Familial CMMD usually 
has an autosomal dominant inheritance 
pattern (12, 13). RAD51 haploinsufficiency 
causes CMMD in humans (14). RAD51 gene 
plays a critical role in healthy motor system 
development. It has a focal expression at 
the pyramidal decussation during critical 
neurodevelopmental stages. RAD51 expres-
sion was detected in corticospinal axons at 
the pyramidal decussation in two-day-old 
mouse models and its deficiency specifical-
ly alters the development of an intact de-
cussation tract (14). Results of other studies 
on affected human individuals suggest that 
heterozygous mutations in DCC gene also 
causes CMMD (15). The DCC gene is a re-
ceptor protein for netrin, which is involved 
in axonal migration of neurons across the 
body’s midline during the developmental 
stage (16). Abnormalities in axon guid-
ance and the corticospinal tract (CST) are 
observed in the absence of ephrin or DCC 
genes in knock-out animal studies (17, 18).
As we have discussed previously, abnor-
mal cortical activity accompanies the mirror 
movements in CMMD (19, 20). However, the 
motor loop contains not only cortical areas, 
but also subcortical structures. Subcortical 
components of the motor system, includ-
ing basal ganglia and cerebellum, provide 
effective control mechanisms. Thalamus is 
another key player for the information flow: 
it receives projections from the subcortical 
nuclei and projects onto the cerebral cortex 
(21). These structures are critical to initiate, 
gate and terminate motor movements, but 
their roles in mirror movement disorder re-
main unknown. To address this knowledge 
gap in literature, using functional magnetic 
resonance imaging (fMRI), we investigat-
ed task-related brain activity, including 
that in thalamus and basal ganglia, in two 
CMMD patients with RAD51 mutations and 
matched healthy participants.
Methods
Participants
Two brothers (aged, 29 and 30 years) ex-
hibiting familial CMMD on the distal upper 
limbs were studied in task-based fMRI scans 
(see Supplementary Fig. 1). The patients 
were from a Turkish family with seven ef-
fected members. For the genetic assess-
ments three generations of the family were 
examined, which revealed a RAD51 delete-
rious mutation (see Supplementary Figs. 
2–4). All affected individuals of the family 
exhibit mirror movements in hands, fingers, 
and forearms with onset in infancy without 
any associated neurologic abnormalities. 
Also, there were no structural abnormali-
ties including infarction on their structural 
T1-weighted images. Ten age and sex-
matched healthy participants (mean age, 
30.9±5.04 years) were included as a control 
group. 
Neurologic examinations of the patients 
were conducted by neurologists who were 
experienced on electrophysiology and 
movement disorders in our group. Sever-
ity of CMMD was rated by Wood-Teuber 
scale (0, no mirror movement; 1, hardly 
perceivable with repetitive mirror move-
ment; 2, barely discernible with sustained 
mirror movement or obvious with brief-pe-
riodic mirror movements; 3, obvious and 
sustained repetitive mirror movement; 4, 
strong mirror movement activity in unin-
tended side). Our patients were rated 3 in 
mirror movement scale with no mental re-
tardation, normal speech and walking skills. 
Informed written consent was obtained 
from all participants in accordance with the 
declaration of Helsinki and procedures and 
protocols were approved by the Institution-
al Human Subjects Ethics Committee (Ap-
proval Number:2010_08_32_2).
fMRI data acquisition
MRI data were acquired in a Siemens 
3T MAGNETOM Trio scanner fitted with a 
12-channel phase-array head-coil. High 
resolution T1-weighted three-dimension-
al MPRAGE images were acquired in each 
session (single shot turbo flash; voxel size, 
1×1×1 mm3; repetition time [TR], 2600 ms; 
echo time [TE], 3.02 ms; flip angle, 8 degrees; 
field of view [FOV], 256 × 224 mm2; slice ori-
entation, sagittal; phase encode direction, 
anterior-posterior; number of slices, 176; ac-
celeration factor (GRAPPA), 2). For the func-
tional scans an echo-planar imaging (EPI) 
sequence was used (voxel size, 3×3×3 mm3; 
TR, 2000 ms; TE, 40 ms; flip angle, 71 de-
grees; FOV, 192×192 mm2; slice orientation, 
transverse; number of slices, 26). Subjects 
participated in two scanning sessions; each 
started with the structural scan, followed by 
the task-based functional runs. 
Experimental procedures 
In a block-design protocol participants 
performed index finger tapping movement 
following visually presented cues during 
a 12 s active block. Active blocks were re-
peated for five times interspersed with 12 
s rest blocks. Visual stimuli were composed 
of a green arrow placed at the center of the 
stimulus display and pointed to the side of 
required movement (left, right and both) 
for the active conditions as well as a closed-
end green line for the rest condition. Our 
group created the experimental stimulus 
using the Java programming platform. 
Data were preprocessed using the tools 
in Statistical Parametric Mapping software 
(SPM8, http://www.fil.ion.ucl.ac.uk/spm/
software/spm8/) implemented in MATLAB 
(Mathworks, Inc.). Preprocessing steps in-
cluded image realignment, slice acquisi-
tion-time correction, and functional and 
anatomical image coregistration. Func-
tional images were normalized to Montreal 
Neurological Institute’s (MNI) template by 
fitting mean functional images to the sin-
gle reference EPI standard SPM template, 
and smoothed with a 6 mm Gaussian ker-
nel to reduce spatial noise. Next, first level 
statistical parameters were computed for 
each participant using the GLM procedure 
implemented in FSL fMRI Expert Analysis 
Tool FEAT, version 5.6.3. Contrasts of right 
finger movement versus rest, left finger 
movement versus rest, and bimanual fin-
ger movement versus rest were defined to 
obtain z-score maps over the whole brain. 
To compare control and patient groups, 
spherical regions of interest (ROIs) were cre-
ated by using FSL in the bilateral M1s (hand 
area), SMA, thalamus, globus pallidus, 
putamen and caudate with 6 mm Gaussian 
Main points
• Congenital mirror movement disorders 
(CMMD) are closely related to abnormal pri-
mary motor cortex and supplementary motor 
area activity during unimanual movements.
• Increased bilateral activity is present in CMMD 
patients in thalamus, striatum, and globus pal-
lidus during unimanual movements.
• Activity of subcortical nuclei was higher in 
CMMD patients, which shows that involvement 
of these structures is also critical for unimanual 
movements.
kernel radius on each participants’ function-
al data (Table 1). Putamen and caudate ROIs 
were combined and analyzed as striatum 
since they are histologically identical and 
both are composed of similar projection 
fibers (22). Then these ROIs were binarized 
and applied onto the z-score maps of indi-
viduals for each contrast. 
Statistical analysis
The mean z-scores were analyzed by 
conducting a mixed design 3-way ANOVA 
(Group × Task side × Hemisphere) to com-
pare activations in unimanual movements. 
Bilateral movements were analyzed through 
a mixed design 2-way ANOVA (Group × 
Hemisphere). Tukey’s post hoc analyses 
were performed where appropriate. Statis-
tical parametric maps were projected onto 
3D morphed brain surface to visualize the 
cortex activation, and onto 2D T1-weighted 
images to visualize activation in subcortical 
structures by using BrainVoyager QX 2.8.
Results
We measured fMRI BOLD (blood-oxy-
gen-level-dependent) activity in thalamus, 
striatum, globus pallidus, supplementary 
motor area (SMA) and the hand area of pri-
mary motor cortex (M1) during a finger tap-
ping task (left, right, bimanual). We summa-
rized demographic characterization of both 
groups and statistical results in Table 2. Also, 
Figs. 1 and 2 show the statistical parametric 
maps on inflated cortices as well as average 
fMRI responses in some of the predefined 
ROIs. fMRI responses, more specifically the 
z-scores, in the ROIs were compared between 
the patients and controls by using mixed-de-
sign ANOVAs and Tukey’s post-hoc correction 
where appropriate. For the bimanual move-
ment we found no main effect of group or 
hemisphere in any of the areas tested. During 
the bimanual movement BOLD activity in 
predefined ROIs was not statistically differ-
ent between the patient and control groups 
nor between right and left hemispheres. For 
the unimanual movements, activations of 
M1, thalamus, and striatum showed group 
main effect (M1: F(1, 10)=10.761, P = 0.008; 
thalamus: F(1, 10)=8.686, P = 0.015; striatum: 
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Table 1. MNI coordinates of the center of the spherical ROIs that were used in task-based fMRI 
comparisons
Region MNI coordinates (x, y, z)
Left primary motor cortex -42, -16, 52
Right primary motor cortex 39, -22, 52
Left supplementary motor area -9, -16, 67
Right supplementary motor area 12, -16, 67
Left thalamus -12, -19, 4
Right thalamus 12, -19, 4
Left putamen -21, 8, -5
Right putamen 24, 8, -5
Left caudate -15, 14, 10
Right caudate 15, 14, 10
Left globus pallidus -15, -4, -5
Right globus pallidus 18, -4, -5
MNI, Montreal Neurological Institute; fMRI, functional magnetic resonance imaging.
Table 2. Demographic characteristics and summary of the unimanual task-based fMRI comparisons
ANOVA F(1,10)
CMMD Controls
Factor 1: 
Group
Factor 2: 
Task
Factor 3: 
Hemisphere Interaction
t statistics 
t (df=10)
n 2 10 - - - - -
Sex (M/F) 2/0 10/0 - - - - -
Age (y) 29.5 30.9±5.04 - - - - 0.377 (10)
M1 - - 10.761b 0.018 0.019 factor 2 × factor 3 
20.235b
L M1:-2.686a
R M1:-4.014b
SMA - - 0.822 0.077 6.884a factor 2 × factor 3
5.666a
factor 1 × factor 3
9.225a
NS
THA - - 8.686a 0.049 0.064 factor 2 × factor 3
10.028a
L THA:-2.935a
R THA:-2.495a
GP - - 4.893 0.487 0.586 NS NS
STR - - 7.069a 0.769 0.868 NS R STR:-3.337b
fMRI, functional magnetic resonance imaging; ANOVA, analysis of variance; CMMD, congenital mirror movement disorder; M, male; F, female; NS, not significant; M1, primary 
motor cortex; L, left, R, right; SMA, supplementary motor area; THA, thalamus; GP, globus pallidus; STR, striatum.
aP < 0.05, bP < 0.01, cP < 0.001.
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F(1,10)=7.069, P = 0.024). Activity in M1, thal-
amus, and striatum was statistically differ-
ent between patients and healthy controls 
during the unimanual movement execu-
tion. However, the activity in globus pallidus 
showed a marginal trend toward significance 
between patient group and healthy controls. 
In globus pallidus, group main effect during 
unimanual movements was observed with 
marginal statistical significance (globus pal-
lidus: F(1,10)=4.893, P = 0.051). There was 
an interaction between hemisphere and 
task side in M1, thalamus, and SMA (M1: 
F(1, 10)=20.235, P = 0.001; thalamus: F(1, 
10)=10.028, P = 0.010; SMA: F(1, 10)=5.666, 
P = 0.039). The interaction showed that ipsi-
lateral motor activity was greater in patients 
compared with controls in M1, thalamus, and 
SMA areas, whereas there was less or no in-
tergroup difference in the contralateral side 
during both right and left unimanual finger 
movements. In SMA we also found a main ef-
fect of hemisphere (F(1, 10)=6.884, P = 0.025) 
and interaction between hemisphere and 
group (F(1, 10)=9.225, P = 0.013). The activity 
in SMA was statistically different between left 
and right hemispheres during the unimanual 
right and left finger movements in both pa-
tient and control groups. Also, motor activity 
was statistically different in the left SMA be-
tween patients and control groups (i.e., mean 
z-score of the left SMA was always larger in 
controls), whereas the difference was smaller 
during the right finger movement or nonsig-
nificant during the left finger movement in 
the right SMA (Fig. 1, Table 2).
Figure 1. a–c. Comparison of fMRI responses in patients and controls in primary motor cortex hand area (M1) and supplementary motor area (SMA). 
Panels indicate right hand (a), left hand (b), and both hand (c) movements. Top row: Statistical parametric maps for a representative control and a patient 
during finger tapping. Bar plots: fMRI responses in predefined regions of interest (ROIs). Abnormal lateralization in M1 in patients is clearly seen in the 
statistical parametric maps. Abnormal activity pattern was also observed in SMA in patients: in controls, left SMA activity was always larger than right SMA 
activity, but not in patients. Error bars show ±1 standard deviation. Color bar for the statistical parametric map indicates the t-score ranging from -8 (blue) 
to 2.98 (yellow). Maps are thresholded at an α level of 0.05.
a b c
Further group comparisons between sta-
tistically significant variables were performed 
by using independent samples t-test. Our 
analyses revealed statistically significant 
differences during right finger movement 
between groups in M1 and thalamus bilater-
ally and in the right striatum (Left M1: t(10)=-
2.686, P = 0.023, right M1: t(10)=-4.014, P = 
0.002; left thalamus: t(10)=-2.935, P = 0.015, 
right thalamus: t(10)=-2.495, P = 0.032; right 
striatum: t(10)=-3.337, P = 0.008). Critically, 
in M1 there was a significant difference be-
tween left and right finger movements in 
controls (Right M1: t(9)=-7.779, P < 0.001, left 
M1: t(9)=9.976, P = 0.003) but not in patients 
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Figure 2. a–c. Comparison of fMRI responses in patients and controls in thalamus (THA), globus pallidus (GP), and striatum (STR, consisting of caudate nucleus [CAU] 
and putamen [PUT]) shows abnormal activity in patients. Panels indicate right hand (a), left hand (b), and both hand (c) movements. Top row: Statistical parametric 
maps for a representative control and a patient during finger tapping. Bar plots: fMRI responses in pre-defined regions of interest (ROIs). Error bars show ±1 
standard deviation. Color bar for the statistical parametric map indicates the t-score ranging from -8 (blue) to 2.98 (yellow). Maps are thresholded at an α level of 0.05.
a b c
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(Right M1: t(1)=-2.021, P = 0.293, left M1: 
t(1)=2.992, P = 0.205). Responses obtained 
from thalamus during unimanual move-
ments were significantly higher in patients 
(Fig. 2). In globus pallidus, a similar trend was 
observed with marginal statistical signifi-
cance (F(1,10)=4.893, P = 0.051).
In summary, our analyses revealed ab-
normal lateralization in M1 and SMA during 
unimanual movements, which is consistent 
with previous findings in the literature (19). 
Furthermore, we have also found previously 
unknown abnormal activation in thalamus, 
and in the components of basal ganglia.
Discussion
We investigated task-related activity 
within the components of the motor sys-
tem of CMMD patients with RAD51 muta-
tion. Task-related fMRI results showed ab-
normal activity in M1, thalamus, striatum, 
globus pallidus (marginally significant) and 
SMA in the patients. Results highlight that 
execution of unilateral motor movements 
critically depends on the healthy interac-
tions not only at the cortical level but also 
at subcortical levels.
Two main, but not mutually exclusive, 
hypotheses have been proposed to explain 
the mirror movement disorder at the ner-
vous system level. One hypothesis posits 
that mirror movements occur because of 
abnormally uncrossed corticospinal fibers 
originating in primary motor cortices (M1) 
(23). This hypothesis is supported by the 
temporal characteristics of bilateral elec-
tromyography (EMG) activity during the 
unilateral M1 activation (24, 25), and motor 
evoked potentials (MEPs) in transcranial 
magnetic stimulation (TMS) studies (19). 
In the neurologic examination part of the 
study our TMS results replicate the findings 
in the literature (Supplementary Fig. 1). 
Thus, abnormally uncrossed corticospinal 
fibers  could be a contributing mechanism 
to CMMD with RAD51 mutation. 
According to the other hypothesis, ab-
normally reduced lateralization of activity 
in M1 leads to mirror movements. In healthy 
individuals M1 activity is largely restricted 
to the contralateral side of the intended 
Supplementary Figure 2. Representation of the RAD51 c.401C>A mutation co-segregated with the autosomal dominant CMMD in a family pedigree.
Supplementary Figure 1. TMS-induced motor evoked potentials (MEPs) and muscle activity during 
voluntary unimanual finger movements in a representative CMMD patient. Nonvanishing muscle 
activity on the unintended side clearly shows the signs of persistent mirror movements. Under the 
TMS-induced movements, the average latency between the MEPs from the intended and unintended 
sides was 1.7 ms. Cz, central midline stimulation; C3, left motor cortex hand area stimulation; C4, 
right motor cortex hand area stimulation; APB, abductor pollicis brevis; TMS, transcranial magnetic 
stimulation; LH, left hand; RH, right hand.
a b c
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Supplementary Figure 3. Genome-wide linkage analysis. Selected participants’ DNA from peripheral blood samples were genotyped using Asymetrix 
Gene Chip Human Mapping 250K Nsp microarrays. Experiments were performed according to the manufacturer’s instructions (Asymetrix). Multipoint LOD 
scores were calculated with Merlin 1.1.2 software (1) (autosomal-dominant trait, disease AF of 0.0001, penetrance of 90%).
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unimanual movements. However, in CMMD 
patients there is an abnormally increased 
activity in M1 that is ipsilateral to the side 
of the intended voluntary movement, lead-
ing to a bilateral activation pattern in M1s 
(19, 20). The cause of this bilateral M1 activ-
ity is largely unknown. Reduced or absent 
interhemispheric (19) or intracortical (26) 
inhibition could lead to this bilateral activa-
tion pattern. For example, irregular activity 
of secondary motor areas, which regulate 
the M1 activity, could lead to the abnor-
mal bilateral M1 activity (23). In a recent 
study, Gallea et al. (19) investigated CMMD 
patients with RAD51 haploinsufficiency by 
using single-pulse TMS, diffusion-weight-
ed imaging, and fMRI techniques. In those 
patients abnormal decussation of CST, bilat-
eral M1 activity during intended unimanual 
movements, and abnormal interhemispher-
ic inhibition were found (19). Furthermore, 
effective connectivity analyses of fMRI 
data revealed abnormal interaction be-
tween SMA and M1 during unimanual and 
bimanual movements (19). In the present 
study, M1 activity was largely contralateral 
to the side of unimanual finger movements 
in healthy participants, whereas it was bi-
lateral in patients. This kind of abnormal 
lateralization was previously observed in 
CMMD patients (7, 20). However, its cause is 
not clearly understood. It is known that the 
activity of M1 is regulated by other cortical 
and subcortical areas. For example, during a 
unimanual action, the activity of the M1 ip-
silateral to the intended hand is temporarily 
suppressed (27). TMS studies also showed 
interhemispheric inhibitory interactions 
between the two M1s (28). Thus, it is possi-
ble that the abnormal ipsilateral M1 activity 
arises because of a lack of interhemispheric 
inhibition between the two M1s (19). At the 
cortex, SMA also showed abnormal activa-
tion pattern during unimanual movements 
in CMMD patients, once again consistent 
with previous findings (19). In normal con-
trols left SMA activity was larger under 
all conditions (right, left, bimanual move-
ments). However, in patients activity was 
not equally strongly lateralized to the left 
SMA.
Although cortical abnormalities have 
been well documented in the literature, 
and shown to be consistent with our find-
ings, activity patterns in subcortical struc-
tures have not been studied previously, 
despite their critical involvement in motor 
movements. Our results show that activity 
of thalamus, a subcortical structure, was 
also abnormal in the CMMD patients. Over-
all thalamic activity was larger in patients 
during intended unimanual finger move-
ments. Similarly, BOLD activity in the other 
subcortical structures including the com-
ponents of basal ganglia, namely striatum 
and globus pallidus, activity was statistical-
ly different between patient and healthy 
control groups during unimanual finger 
movements (in globus pallidus statistically 
marginally significant). Thalamus is an im-
portant gateway for information projecting 
to and from the cortex, including the links 
Supplementary Figure 4. a–d. Panel (a) shows the pedigree of selected members of autosomal dominant MM family with haplotype structure of the 
disease interval on chromosome 15q15.1. Haplotype segregating with the disease is boxed. RAD51 c.401C>A mutation is bold. Two brothers who 
participated in the MRI study are shown in a red box. Panel (b) shows conformation of the RAD51 c.401C>A mutation cosegregated with CMMD in all 
family members using Sanger sequencing. Panel (c) shows multiple amino acid sequence alignments indicating the sequence homology of RAD51 
protein in vertebrates. T134 residue is indicated with a box. Panel (d) shows graphical representation of the predicted functional and structural elements 
of RAD51. The mutation lies in the N terminal of the AAA domain (yellow star).
a b c
d
to sensory organs. Thus, any abnormality in 
the activity of thalamus could have severe 
repercussions in motor actions.  Likewise, 
basal ganglia plays a key role in sequen-
tial movements in timing and selecting 
the specific muscles for the execution of 
movement (29). Basal ganglia consist of a 
set of nuclei located in cerebrum and has 
inhibitory GABAergic projection neurons 
(30). When striatal projections are activated 
by the cortex, due to their neurochemical 
properties they tend to suppress the toni-
cally active pallidal output that projects to 
thalamus (30). By means of this pathway, 
activity of the striatal neurons may lead 
phasic decrease of discharge of activity of 
pallidal neurons, which in turn disinhibits 
the activity of the thalamus. Outcome of 
this disinhibition is facilitation of the motor 
cortex. SMA receives strong indirect projec-
tions from the basal ganglia via the thala-
mus (31). Abnormal connectivity between 
SMA and M1, along with the increased glo-
bus pallidus, striatum, and thalamic activity 
during task execution in patients may lead 
to mirror movements through blocking the 
non-mirroring transformation of unilateral 
movement in SMA.
Our patients carry RAD51 mutation. RAD51 
gene is involved in repairing DNA double 
stranded breaks by homologous recombi-
nation (32). In addition, it is also linked to 
the development of the decussation tract 
in the spinal cord (33). Our findings suggest 
that the effect of RAD51 mutation may not 
be limited to the organization of the decus-
sation tract but also extend to overall orga-
nization of the motor system. The findings 
presented here could also be a consequence 
of a reorganization of the nervous system 
to compensate for the direct impact of the 
mutation during development. Longitudinal 
studies, including the developmental stages 
can help researchers resolve this confound. 
To better understand the biological back-
ground of the reorganization of cortical and 
subcortical nuclei, in vivo studies would also 
be needed. Functional and structural con-
nectivity analyses between the components 
of the motor loop in CMMD with larger pa-
tient population may provide further infor-
mation. Nevertheless, such a rare case study 
provides valuable information about the 
possible extent of the effects of RAD51 mu-
tation on human anatomical and functional 
brain architecture.
There are some limitations of our study 
that need to be taken into account when 
interpreting the data. First, our patient 
group consists of only two individuals who 
have the same mutational locus. Despite 
the apparent uniformity of clinical features, 
functional effects of genetic heterogeneity 
of the disorder on motor circuit is not clear 
(33). Although we had conducted genetic 
analyses to a few other family members, we 
include only two individuals with the same 
genetic mutation to be able to conduct a 
controlled experiment to understand the 
effect of RAD51 mutation on brain functions 
of individuals with congenital mirror move-
ments. Second, with such a small sample 
size statistically significant differences may 
arise due to individual variability in brain 
anatomy (34). We therefore recruited 10 
healthy controls to obtain normal distri-
bution and increase our statistical power. 
Third, our study subjects do not have strict-
ly balanced age and sex distribution, and 
hand preference is not equally represented. 
To be able to minimize the effect of age, sex, 
and hand preference on motor circuitry, de-
mographic variables were kept constant 
between the patient group and healthy 
control group as in the literature (2).
In conclusion, we have found widespread 
functional abnormalities in brain structures 
of the motor loop in CMMD patients with 
RAD51 mutation. Our findings suggest that 
mirror movements are highly correlated 
with abnormal neuronal activity not only 
in cortex but also in subcortical structures 
during the performance of unimanual fin-
ger movements. These findings highlight 
the critical roles of different components 
and connections in the motor system to 
accomplish coordinated unimanual move-
ments in healthy individuals. 
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